The GSTM1 Null Genotype Confers an Increased Risk for Solar Keratosis Development in an Australian Caucasian Population  by Carless, Melanie A. et al.
ORIGINAL ARTICLE
See related Commentary on page 1217
The GSTM1 Null Genotype Confers an Increased Risk for Solar
Keratosis Development in an Australian Caucasian Population
Melanie A. Carless, Rod A. Lea, Joanne E. Curran, Bridget Appleyard, Phil Ga¡ney, Adele Green,n
and Lyn R. Gri⁄ths
Genomics Research Center, School of Health Science, Gri⁄th University, Gold Coast, QLD, Australia; nQueensland Institute for Medical Research,
Brisbane, QLD, Australia
Solar keratoses a¡ect approximately 50% of Australian
Caucasians aged over 40 y. Solar keratoses can undergo
malignant transformation into squamous cell carcino-
ma followed by possible metastasis and are risk factors
for basal cell carcinoma, melanoma, and squamous cell
carcinoma. The glutathione-S-transferase genes play a
part in detoxi¢cation of carcinogens and mutagens,
including some produced by ultraviolet radiation. This
study examined the role of glutathione-S-transferase
M1,T1, P1, and Z1 gene polymorphisms in susceptibil-
ity to solar keratoses development. Using DNA samples
from volunteers involved in the Nambour Skin Cancer
Prevention Trial, allele and genotype frequencies
were determined using polymerase chain reaction and
restriction enzyme digestion. No signi¢cant di¡erences
were detected in glutathione-S-transferase P1 and
glutathione-S-transferase Z1 allele or genotype fre-
quencies; however, a signi¢cant association between
glutathione-S-transferase M1 genotypes and solar kera-
toses development was detected (p¼ 0.003) with null
individuals having an approximate 2-fold increase in
risk for solar keratoses development (odds ratio: 2.1;
con¢dence interval: 1.3^3.5) and a signi¢cantly higher
increase in risk in conjunction with high outdoor expo-
sure (odds ratio: 3.4; con¢dence interval: 1.9^6.3). Also, a
di¡erence in glutathione-S-transferase T1 genotype fre-
quencies was detected (p¼ 0.039), although considering
that multiple testing was undertaken, this was found
not to be signi¢cant. Fair skin and inability to tan were
found to be highly signi¢cant risk factors for solar ker-
atoses development with odds ratios of 18.5 (con¢dence
interval: 5.7^59.9) and 7.4 (con¢dence interval: 2.6^21.0),
respectively. Overall, glutathione-S-transferase M1 con-
ferred a signi¢cant increase in risk of solar keratoses de-
velopment, particularly in the presence of high outdoor
exposure and synergistically with known phenotypic
risk factors of fair skin and inability to tan. Key words:
detoxi¢cation/skin cancer/ultraviolet radiation. J Invest Der-
matol 119:1373 ^1378, 2002
S
olar keratoses (SK) are strong risk determinants of all
types of skin cancer (Thompson et al, 1993) with a pro-
portion shown to be premalignant precursors of squa-
mous cell carcinoma (SCC) (Marks et al, 1988). In fact,
some authors have recently suggested that SK may be
the ¢rst recognizable stage of SCC (Evans and Cockerall, 2000;
Lober and Lober, 2000). Approximately 50% of Caucasians liv-
ing in subtropical Australia and aged over 40 y will have one or
more SK present on their skin (Green et al, 1988) and prevalence
rates are as high as 80% in the seventh decade of life (Salasche,
2000). Malignant transformation of an individual SK into SCC
is estimated to be under 1% over a 1 y period (Marks et al, 1986,
1988).
Known risk factors for SK include age, sex, skin pigmentation,
and ability to tan, with prevalence rates also a¡ected by latitude
and migration (Frost and Green, 1994). It is also widely accepted
that the development of SK is related to sunlight exposure and
therefore ultraviolet (UV) radiation (Frost et al, 1998), although
the mechanisms behind this relationship have not been fully elu-
cidated (Yeatman and Marks, 1996). Without UV exposure as a
tumor initiator and promoter, it is unlikely that phenotypic fac-
tors play a part in skin carcinogenesis, but with adequate expo-
sure they are likely to play a large part. Exposure to UV
radiation is well known to cause direct damage to DNA via
UVB and indirect damage to DNA via UVA-induced oxidative
stress, with UVB also contributing a small amount to indirect
damage (Seo et al, 1996; Lear et al, 2000). Mutations of the p53
gene, caused by UVB radiation, appear to be an early event in
skin cancer as they are found in SK as well as in normal, sun-da-
maged skin (Ziegler et al, 1994). Mutations seen in non-neoplastic,
sun-damaged skin, however, are di¡erent to those seen in SK and
SCC (Ziegler et al, 1994; Ren et al, 1996), suggesting a genetic link
within the p53 gene between the two skin lesions as a result of
UVB radiation. UVA radiation is also likely to play a part in car-
cinogenesis, and genes that respond to the e¡ects of oxidative
stress in a protective manner may play a part in susceptibility to
UV-induced carcinogenesis of the skin.
Members of the glutathione-S-transferase (GST) supergene fa-
mily are known to utilize toxic products produced by UV-in-
duced oxidative stress, mostly by conjugation of glutathione to
electrophiles, but also by other speci¢c mechanisms (Seo et al,
1996; Strange et al, 1998a). As conjugation to electrophiles and
other harmful compounds o¡ers protection against cytotoxic
and mutagenic e¡ects (Strange et al, 1998b), polymorphisms of
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the GST enzymes may play a part in skin cancer and SK suscept-
ibility. The cytosolic GST enzymes are encoded by at least six
gene families termed alfa, mu, pi, sigma, theta, and zeta (Hayes
and Pulford, 1995; Board et al, 1997).
The GSTM1 gene is homozygously deleted in approximately
50% of the Caucasian population (Seidegard et al, 1990; Bell et al,
1993), resulting in an absence of the GSTM1 enzyme.The GSTT1
gene is also homozygously deleted in 12^40% of the human
population, dependent on race (Pemble et al, 1994; Hayes and Pul-
ford, 1995). The GSTP1 contains various polymorphisms, includ-
ing GSTP1nIle105Val and GSTP1nAla114Val, which alter
electrophilic binding speci¢city (Zimniak et al, 1994; Watson
et al, 1998). GSTZ1, like GSTP1, is a polymorphic gene with two
combined amino acid substitutions resulting in four haplotype
alleles of GSTZ1nA[Lys32,Arg42], GSTZ1nB[Lys32,Gly42], GSTZ1nC
[Glu32,Gly42] and a yet unreported haplotype [Glu32,Arg42],
which have di¡ering enzyme activity (Board et al, 1997; Black-
burn et al, 2000). Polymorphisms of the GSTM1, GSTT1, and
GSTP1 genes have all been associated with a variety of cancers,
with GSTM1 and GSTT1 speci¢cally being associated with other
skin cancers such as basal cell carcinoma (Lear et al, 1997).
This study used a case^control approach to investigate the
role of GSTM1, GSTT1, GSTP1, and GSTZ1 genes in SK devel-
opment. A well phenotyped, age- and sex-matched population
derived from the Nambour Skin Cancer Prevention Trial (Green
et al, 1999) was examined in this study.
MATERIALS AND METHODS
Subjects All individuals used for this study participated in the Nambour
Skin Cancer Prevention Trial, which ultimately studied the e¡ects of b-
carotene supplementation and regular sunscreen application on skin
cancer prevention (Green et al, 1999). Blood for this study as well as
information provided for analysis, were taken in 1996 when a survey and
examination were performed (Green et al, 1999). Ethical approval was
obtained from Gri⁄th University’s Human Research Ethics Committee.
DNA was extracted from lymphocytes using standard protocols with
modi¢cations for sodium dodecyl sulfate and proteinase K digestion
followed by salting out procedures (Miller et al, 1988).
In this study, the test population consisted of 135 individuals
dermatologically identi¢ed as having one or more SK and 135 age-, sex-,
and ethnically matched control individuals with no SK at the time of
presentation. Individuals were all adult Caucasians of British or northern
European descent living in Australia and having emigrating ancestors
within the last 160 y. Approximately 89% of the entire Nambour
population was born in Australia with Australian parentage (Green et al,
1988). No information regarding socio-economic di¡erences were
reported. All individuals were considered to be in a high-risk group for
SK as they were all aged 40 y or over. Although there are potential
limitations to using a more elderly population such as memory recall,
lifetime exposure to other carcinogens, and increased ill health, of which
the latter two may contribute to SK development, the test populations will
allow a more clear de¢nition of individuals who have developed SK
compared with those who, even after signi¢cant exposure, have not.
Information that was gathered and analyzed, included age, sex, SK
number, smoking status, b-carotene supplementation, and sunscreen use.
The information also included self-reported measures of skin type (fair,
medium, and olive), ability to tan after sunburn (burning but no tanning,
burning then tanning, and no burning but tanning), and outdoor exposure
(both recreational and occupational exposure were reported as one of three
categories: mostly indoors, indoors and outdoors, and mostly outdoors).
Factors for outdoor exposure were combined to give three categories of
high outdoor exposure, moderate outdoor exposure, and low outdoor
exposure (all categories take into account both recreational and
occupational exposure) and were considered as lifetime exposure. It has
been estimated that up to 80% of a person’s cumulative lifetime sun
exposure occurs before the age of 18 (Stern et al, 1986) and therefore no
further adjustments of UV exposure were made to account for age.
Genotyping Polymorphic markers for each of the GST genes (GSTM1,
GSTT1, GSTP1, and GSTZ1) were genotyped using polymerase chain
reaction (PCR) and subsequent restriction enzyme digestion. Primers for
GSTM1, GSTT1, b-actin, GSTP1-1, and GSTZ1n124G were obtained
through Geneworks (Adelaide, South Australia) and primers GSTZ1 and
GSTP1^2A were obtained through Paci¢c Oligos (Lismore, NSW,
Australia). All restriction enzymes were obtained through Genesearch
(Gold Coast, Queensland, Australia). Table I shows the sequences for all
primers used. Ampli¢cation of the GSTM1, GSTT1, and the GSTP1
Ile105Val polymorphic regions was performed using the established
method outlined by Curran et al (2000).
The second polymorphic region of GSTP1 was ampli¢ed using 50 ng
genomic DNA, PCR Premix Optimization Bu¡er D (Epicentre
Technologies, Madison, WI), 0.25 mM each GSTP1^2A primer and Taq
polymerase in a 20 ml reaction volume. A Corbett PC-960C Thermal
Cycler (Corbett Research, Mortlake, Sydney, NSW, Australia) was used
for ampli¢cation with an initial denaturation step at 941C for 1 min
followed by 35 cycles of denaturation (941C for 1 min) and annealing and
extension (601C for 1 min) then a ¢nal extension step at 721C for 2 min.
PCR products were digested with Cac81 enzyme (1 U at 371C for 16 h)
then electrophoresed on 2% high-resolution agarose gels.
Both polymorphic regions of the GSTZ1 gene can be ampli¢ed within
the same PCR and subsequently digested using two di¡erent restriction
enzymes according to Blackburn et al (2000) with modi¢cations.
Ampli¢cation was performed using 50 ng genomic DNA, 1PCR
bu¡er, 2.5 mM MgCl2, 0.2 mM each deoxyribonucleoside triphosphate,
0.1 mM each GSTM1, 1.6 bovine serum albumin, and Taq polymerase in
a 25 ml reaction volume. Ampli¢cation was performed on a Corbett PC-
960C Thermal Cycler with an initial denaturation step at 971C for 5 min
followed by 30 cycles of denaturation (971C for 30 s), annealing (571C for
30 s), and extension (721C for 30 s) with a ¢nal extension step at 721C for
5 min. PCR products were digested with BsmAI to determine genotypes at
position 94 in codon 32 (10 ml PCR product with 0.5 U at 551C for 3 h)
and Fok1 to determine genotypes at position 124 in codon 42 (10 ml
PCR product with 1 U at 371C for 2 h). All digested products
were electrophoresed on a 5% high-resolution agarose gel. Haplotypes
were determined from these results except for individuals that were homo-
zygous for both alleles. For these individuals, a second allele-speci¢c PCR
was performed substituting the reverse primer for GSTZ1^124G to
determine the polymorphism at position 94 that was associated with the
G transition at position 124. Ampli¢cation was performed on a Corbett
PC-960C Thermal Cycler with an initial denaturation step of 951C for 2
min, followed by 35 cycles of denaturation (951C for 20 s), annealing (551C
for 20 s), and extension (721C for 30 s) with a ¢nal extension step at 721C
for 2 min. Subsequent digestion with BsmAI and electrophoresis on 5%
high-resolution agarose gels were used to determine genotypes of the two
polymorphisms and, subsequently, haplotypes.
Statistical analysis To determine if there were any signi¢cant di¡erences
in genotype frequencies between a¡ected and control populations,
distributions were compared for GSTM1, GSTT1, and GSTP1 genes
initially using standard chi-square analysis of contingency tables. Allele
frequencies were also compared using chi-square analysis for
polymorphisms in GSTP1 and GSTZ1 primer. Odds ratios (OR) with
95% con¢dence intervals (CI) were calculated where necessary to estimate
the odds of SK development for individuals with implicated genotypes.
Allele frequencies were not determined for GSTM1 and GSTT1 because
discrimination of alleles could not be elucidated by the PCR-based
method described. Although a null genotype indicates two null alleles, a
positive genotype may consist of one or two positive alleles. In addition,
the CLUMP program (Sham and Curtis, 1995), which is a more valid test
for association when markers produce sparse contingency tables, was used
Table I. Primer sequences for GSTgenes
Primer Sequence (50-30)
GSTM1-E7A TTG GGA AGG CGT CCA AGC GC
GSTM1-E7B TTG GGA AGG CGT CCA AGC AG
GSTM1-I6 GCT TCACGT GTTATG AAG GTT C
GSTT1-F TTC CTTACT GGT CCT CAC ATC TC
GSTT1-R TCACCG GAT CAT GGC CAG CA
XAHR17 CGG AAC CGC TCATTG CC
XAHR20 ACC CAC ACT GTG CCC ATC TA
GSTP1-F GTA GTT TGC CCA AGG TCA AG
GSTP1-R AGC CAC CTG AGG GGTAAG
GSTP1-2F GTT GTG GGG AGC AAG CAG AGG
GSTP1-2R CAC AAT GAA GGT CTT GCC TCC C
GSTZ1-1F TGA CCACCC AGA AGT GTTAG
GSTZ1-1R AGT CCACAA GAC ACA GGT TC
GSTZ1-124G TTC TTA CCT GTT GGC CCG C
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to determine GSTZ1 genotype frequency di¡erences between a¡ected and
control populations. The CLUMP program was run over 5000 simulations
to estimate the p-value for this analysis. Pairwise linkage disequilibrium
analysis for alleles of the two GSTP1 polymorphisms and the two GSTZ1
polymorphisms was performed, using the EH program for estimation of
linkage disequilibrium (Terwilliger and Ott, 1994).
Logistic regression analysis, using SPSS version 10.0, was performed on
all data that were collected during the study. The phenotypic and
environmental variables were initially assessed using unifactor analysis to
determine the in£uence of nongenetic factors on the risk of SK
development. A subsequent multifactor analysis between these nongenetic
variables and the GST gene data was performed to examine the possibility
of an interaction. For those factors providing evidence that an interaction
may contribute to an increased risk for SK development, further
multifactor analysis was performed to determine the independent
attributable risk for the genetic factor(s) after adjusting for the e¡ects of
nongenetic factor(s). In each case, OR with 95% CI were determined to
estimate the risk of SK development.
Power calculations were performed a priori, estimating that if the
markers used in this study were to confer a 2-fold increase in relative risk
to SK, the case and control groups used were of su⁄cient size to have
480% power to detect genotypic association. As it is di⁄cult to
determine an accurate correction for multiple comparisons, we chose to
adjust the conventional a¼ 0.05 signi¢cance level according to the
number of markers tested. In total, we examined ¢ve markers and
therefore reduced the signi¢cance level by a factor of 5 (0.05/5) to a¼ 0.01.
An etiologic fraction was also determined to measure the proportion of the
diseased population that could be attributed to the risk (genetic) factor.
RESULTS
Chi-square and CLUMP analysis In this study, a PCR-based
genotyping assay was used to determine genotype frequency
distributions of polymorphisms in four di¡erent GST genes.
Genotypes for GSTM1 and GSTT1 were either positive or
null. Genotypes for the ¢rst polymorphism of GSTP1 were
GSTP1nIle105/Ile105, GSTP1nIle105/Val105, or GSTP1nVal105/Val105,
with genotypes for the second polymorphism being either
GSTP1nAla114/Ala114 or GSTP1nAla114/Val114. No evidence of
a third genotype, GSTP1nVal114/Val114, in the second
polymorphism was seen. Haplotypes for the alleles for GSTZ1
were designated as GSTZ1nA (Lys32/Arg42), GSTZ1nB (Lys32/
Gly42), GSTZ1nC (Glu32/Gly42), or as a fourth, yet unreported,
allele GSTZ1nD (Glu32/Arg42). Genotypes seen were therefore
GSTZ1nAA, GSTZ1nAB, GSTZ1nAC, GSTZ1nAD, GSTZ1nBB,
GSTZ1nBC, GSTZ1nBD, GSTZ1nCC, or GSTZ1nCD.
The GSTM1 genotype frequencies can be seen in Table II.
GSTM1 genotype frequencies for the a¡ected and control
populations were not signi¢cantly di¡erent to previously
reported genotype frequencies (Seidegard et al, 1990; Hayes and
Pulford, 1995). Chi-square analysis of GSTM1 showed a
signi¢cant di¡erence (p¼ 0.003) between the genotype
frequencies of the a¡ected group and the control group. An
etiologic fraction was determined for this gene to be 0.26,
meaning that approximately 26% of the SK cases can be
attributed to the GSTM1 null genotype (although this does not
take into account other contributing factors).
We have previously reported that GSTM1 genotypes do not
a¡ect susceptibility to SK (Lea et al, 1998). These con£icting
results, however, may possibly be explained by the fact that this
initial study consisted of much smaller populations of a¡ected
and control individuals than the present study. Post hoc power
analysis indicated that the present study had much greater power
(83%) to detect a true positive result than the previous study
(7%). For this reason, it is likely that the absence of association
of GSTM1 and SK development in the previous study was due
Table II. Allele and genotype frequencies in SK-a¡ected and control populations for all GSTgenes
n (genotypes) Genotype frequencies (raw data (percentage))
GSTM1 Null Positive
A¡ected 125 68 (54%) 57 (46%)
Control 125 45 (36%) 80 (64%)
w2¼ 8.54; p¼ 0.003
GSTT1 Null Positive
A¡ected 130 21 (16%) 109 (84%)
Control 128 10 (8%) 118 (92%)
w2¼ 4.25; p¼ 0.039
GSTP1nIle105Val Ile/Ile Ile/Val Val/Val
A¡ected 128 52 (41%) 65 (51%) 11 (9%)
Control 119 46 (39%) 61 (51%) 12 (10%)
w2¼ 0.21; p¼ 0.900
GSTP1nAla114Val Ala/Ala Ala/Val
A¡ected 129 102 (79%) 27 (21%)
Control 117 88 (75%) 29 (25%)
w2¼ 0.519; p¼ 0.471
GSTZ1 AA AB AC AD BB BC BD CC CD
A¡ected 125 2 (2%) 6 (5%) 12 (10%) 5 (4%) 7 (6%) 44 (35%) 1 (1%) 45 (36%) 3 (2%)
Control 120 3 (3%) 4 (3%) 4 (3%) 4 (3%) 11 (9%) 37 (31%) 1 (1%) 56 (47%) 0 (0%)
w2¼ 2.8; p¼ 0.423
n (alleles) Allele frequencies (raw data (%))
GSTP1nIle105Val Ile Val
A¡ected 256 169 (66%) 87 (34%)
Control 238 153 (64%) 85 (36%)
w2¼ 4.25; p¼ 0.687
GSTP1nAla114Val Ala Val
A¡ected 258 231 (90%) 27 (10%)
Control 234 205 (88%) 29 (12%)
w2¼ 0.45; p¼ 0.501
GSTZ1 A B C D
A¡ected 250 27 (11%) 65 (26%) 149 (60%) 9 (4%)
Control 240 18 (8%) 64 (27%) 153 (64%) 5 (2%)
w2¼ 2.80; p¼ 0.423
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to lack of power, whereas the present study had adequate power
to detect the association. Additionally, the previous population
was based on a dermatologic examination conducted in 1992,
whereas the current study was based on an examination in 1996.
It was noted that many of the individuals in the control
population from the previous study became a¡ected over the 4 y
period. Thus the current population consists of an older
population, to try to reduce the potential for control individuals
to become a¡ected. Although it would be expected that some of
the control population would potentially become a¡ected in
subsequent years, an older population limits this e¡ect. It should
also be noted that our previous study did show a trend of
association of GSTM1 null individuals with increasing SK
multiplicity. It was these results that prompted our further
investigation of the GSTM1 gene, as well as other GSTgenes.
Genotype frequencies for GSTT1 can be seen inTable II, once
again frequencies for the a¡ected and control population do not
signi¢cantly di¡er to previously reported genotype frequencies
(Hayes and Pulford, 1995). Chi-square analysis showed a
di¡erence (p¼ 0.039) between the a¡ected and control groups.
Considering that multiple testing was undertaken and the
corrected threshold was set at a¼ 0.01, however, this result cannot
be considered statistically signi¢cant. As the p-value is quite low,
however, this gene may still be worthy of further study.
Allele and genotype frequencies for the GSTP1nIle105Val and
GSTP1nAla114Val polymorphisms can be seen in Table II.
Genotype and allele frequencies for both polymorphisms in the
a¡ected and control groups were not signi¢cantly di¡erent to
previously reported frequencies (Harris et al, 1998). Chi-square
analysis of the GSTP1nIle105Val polymorphism showed no
signi¢cant di¡erence for genotype (p¼ 0.900) or allele
frequencies (p¼ 0.687) between the a¡ected and control groups.
Also, no signi¢cant di¡erences between the a¡ected and control
groups were observed from chi-square analysis of the
GSTP1nAla114Val polymorphism for the genotype (p¼ 0.471) or
allele (p¼ 0.501) frequencies. Allelic association analysis of the
two polymorphisms in GSTP1 indicated that alleles for these
markers were in linkage disequilibrium (po0.0001). This is
concordant with results obtained by Harris et al (1998).
Genotype and allele frequencies for the polymorphism at
GSTZ1 can be seen in Table II. Although genotype frequencies
have not previously been reported, determined allele frequencies
for GSTZ1nA, nB, and nC in the a¡ected and control populations
were not signi¢cantly di¡erent to previously reported allele
frequencies (Blackburn et al, 2000). Additionally, a fourth
variant, termed GSTZ1nD, was observed in the studied
population at an allele frequency of 3%. CLUMP analysis of
genotypes for the GSTZ1 polymorphism found no signi¢cant
di¡erence between the control and a¡ected groups (p¼ 0.205).
Also, chi-square analysis of GSTZ1 alleles showed no signi¢cant
di¡erence between control and a¡ected groups (p¼ 0.423).
Analysis of the GSTZ1 polymorphisms also indicated that the
alleles for these markers were in linkage disequilibrium
(po0.0001). Blackburn et al (2000) reported linkage
disequilibrium (p¼o0.005) between the two loci on GSTZ1
due to the absence of a fourth variant. Inclusion of this fourth
variant in the present study did not alter the signi¢cant linkage
disequilibrium.
Logistic regression analysis Initial unifactor logistic
regression analyses were performed for the genotypes of
GSTM1 as well as for phenotypic and environmental factors,
which have either previously been associated with skin cancer
development or may be implicated in development. It is possible
that some error would have occurred in the classi¢cation of some
phenotypic and environmental factors, particularly those that rely
on memory recall such as time spent outdoors and response to
sun exposure.We perceive that relative misclassi¢cation of these
factors would not constitute a large component of the study and
should not have severely a¡ected the results. OR, 95% CI, and p-
values were calculated for each analysis to determine if these
factors conferred a signi¢cant increase in risk for development
of SK at a¼ 0.01 (as seen in Table III). The null genotype of
GSTM1 was found to confer an approximate 2-fold increase in
risk for development of SK in the tested population (OR: 2.1;
CI: 1.3^3.5). In addition to this high-risk genotype, the well
known and strongly in£uential risk factors of inability to tan
and fair skin were also found to be highly signi¢cant risk factors
for SK development with OR of 18.5 (CI: 5.7^59.9) and 7.4 (CI:
2.6^21.0), respectively. Interestingly, high outdoor exposure was
not found to be a signi¢cant determinant of SK development in
the studied population. Smoking, b-carotene supplementation,
and sunscreen use were not found to a¡ect the risk for SK
development.
Analysis of skin type and ability to tan had previously been
shown to in£uence SK prevalence rates in the Nambour
population (Green et al, 1988). Previous SCC and basal cell
carcinoma analysis of the entire Nambour population has also
shown that outdoor occupation was not strongly associated with
these skin cancers (Green et al, 1996). This was explained by self-
selection in terms of occupational exposure, with an under-
representation of people with fair or medium complexions and a
tendency to sunburn involved in long-term outdoor occupations
(Green et al, 1996). This selection bias may partially explain the
lack of evidence for a link between sun exposure and skin
cancer in the Nambour population, including those within this
study. Additionally, another study demonstrated that, although
SKwere found to be more prevalent among individuals that had
worked outdoors most of their life, recreational outdoor exposure
appeared to have no e¡ect on SK prevalence (Green et al, 1988). In
our study, the two factors combined did not appear to increase
SK prevalence rates, with recreational exposure perhaps masking
the e¡ect of occupational outdoor exposure.
Multifactor logistic regression analysis, including interacting
terms, (as seen in Table III) showed that the risks conferred by
inability to tan and by fair skin were reduced when GSTM1was
incorporated into the analysis with OR of 4.4 (CI: 1.6^11.8) and
3.5 (CI: 1.8^6.8), respectively. This reduction in risk suggests that
the combined factors are multiplicative rather than additive and
show a synergistic e¡ect. Further multifactor analysis involving
the main e¡ects of each of these factors showed that
independent of the GSTM1 null genotype, fair skin and
Table III. Logistic regression analysis results for GSTM1, phe-
notypic factors, and environmental factors
Factor OR (95% CI) p-value
Unifactor analysis
GSTM1 2.1 (1.3^3.5) 0.004
Fair skin 7.4 (2.6^21.0) 0.000
Inability to tan 18.5 (5.7^59.9) 0.000
High outdoor exposure 1.6 (0.7^3.6) 0.220
Smoking 0.6 (0.3^1.0) 0.039
b-carotene supplementation 1.5 (0.9^2.5) 0.128
Daily sunscreen use 0.7 (0.4^1.1) 0.101
Multifactor analysis
Interaction analysis
Fair skinGSTM1 3.5 (1.8^6.8) 0.000
Inability to tanGSTM1 4.4 (1.6^11.8) 0.003
High outdoor exposureGSTM1 3.4 (1.9^6.3) 0.000
SmokingGSTM1 0.5 (0.7^3.1) 0.257
b-carotene supplementationGSTM1 2.0 (1.1^3.6) 0.032
Daily sunscreen useGSTM1 1.1 (0.6^2.0) 0.740
Independent analysis
Fair skinGSTM1 6.9 (2.4^20.0) 0.000
2.4 (1.4^4.3) 0.002
Inability to tanGSTM1 13.5 (4.1^44.9) 0.000
2.1 (1.2^3.6) 0.007
High outdoor exposureGSTM1 1.6 (0.7^3.7) 0.282
2.1 (1.2^3.5) 0.006
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inability to tan conferred increased risks for SK development of
about 7-fold and 13-fold, respectively. This indicates that taking
into consideration the role that GSTM1 is playing, fair skin, and
inability to tan are still playing a large part in SK development.
Importantly, taking into consideration the phenotypic factors
of fair skin and inability to tan, the null genotype of GSTM1
still conferred an approximate 2-fold increase in risk for
development of SK, reinforcing its signi¢cant role. These
analyses suggest that there is evidence that fair skin, inability
to tan, and the GSTM1 genotype act synergistically in the
development of SK.
Although high outdoor exposure was not found to be a
signi¢cant risk factor for SK development alone, an interaction
between high outdoor exposure and the GSTM1 null genotype
was found to confer more than a 3-fold increase in risk for the
development of SK (OR: 3.4; CI: 1.9^6.3). Further multifactor
analysis showed that the null genotype of GSTM1 still conferred
a 2-fold increase in risk for development of SK independent of
high outdoor exposure. High outdoor exposure, however, was
not found to confer an increase in risk for development of SK
independent of the GSTM1 null genotype, suggesting that
within this population other factors such as genotype, in
conjunction with outdoor exposure were required to increase
SK risk. Once again, the lack of evidence for a major role of
outdoor exposure in the development of SK is likely due to self-
selection within the population. This also suggests that a large
component of the risk for SK development conferred by an
interaction between high outdoor exposure and the GSTM1 null
genotype is due to a genetic factor.
Multifactor logistic regression analysis was also performed to
determine if an association existed between smoking and the
GSTM1 null genotype, as the GSTM1 enzyme is essential in the
conjugation of polycyclic aromatic hydrocarbons produced by
cigarette smoke (Hayes and Pulford, 1995). Also analysis was
performed to determine if randomization to b-carotene
supplementation (vs placebo) and to daily sunscreen use (vs
discretionary use) (Green et al, 1999) over the period of the
Nambour Skin Cancer Prevention Trial were in£uencing the
e¡ect of GSTM1 on SK development. Three separate interaction
analyses were performed between GSTM1 and each of the three
variables with no signi¢cant increase in risk for SK development
noted (as seen inTable III).
DISCUSSION
Evidence suggests that UVB radiation is the principal radiation
involved in carcinogenesis of the skin, with UVA radiation also
a contributing factor (Lavker and Kaidbey, 1997). UVB radiation
primarily causes direct damage to DNA in the form of cyclobu-
tane pyrimidine dimers and 6^4 photoproducts, particularly in
the p53 tumor suppressor gene (Grossman and Le¡ell, 1997).
Although UVA radiation is considered much less mutagenic than
UVB, particular base substitutions as well as low levels of cyclo-
butane pyrimidine dimers have been detected in UVA-damaged
DNA (Grossman and Le¡ell, 1997). More importantly, UVA ra-
diation and to a much lesser extent UVB radiation are known to
cause indirect damage to DNA by induction of oxidative stress
(Gri⁄ths et al, 1998). This produces reactive oxygen species that
interact with lipids, proteins, and DNA to generate intermediates
that combine with DNA to form adducts (Lear et al, 2000).
Members of the GST supergene family, in general, utilize toxic
products produced by UV-induced oxidative stress by conjuga-
tion of glutathione to electrophiles, thus o¡ering protection
against the cytotoxic and mutagenic e¡ects produced by electro-
philes (Strange et al, 1998a,b; Seo et al, 1996). For this reason, it is
possible that one or more of these genes may play a part in sus-
ceptibility to UV-induced SK. In fact, GSTM1 and GSTT1 have
previously been associated with the development and accrual of
basal cell carcinoma (Lear et al, 1996, 1997), and may therefore be
implicated in other forms of nonmelanoma skin cancer. In the
present study, only the GSTM1 gene showed association with
SK, although GSTT1 showed borderline association.
GST enzymes have primarily been associated with conjugation
of electrophiles produced by UV-induced oxidative stress. The
implication of GSTM1 in SK development, however, indicates a
further, more complex role of this gene in mutagenic and cyto-
toxic pathways. GSTM1 is known to act on products of UV-in-
duced oxidative stress and therefore is most likely to respond to
damage from UVA radiation by detoxi¢cation. There are various
other pathways through which other genes can act, in particular
genes involved in DNA repair, cell cycle regulation, and other
detoxi¢cation pathways, these would be expected to act indepen-
dently of the GSTM1 pathway. Also, other factors such as skin
color and ability to tan, which generally rely on pigmentation
within the skin, act in a protective fashion against skin cancer in
general. It is quite possible that the e¡ect produced through this
protection may mask the e¡ect seen for the GSTM1 gene.
GSTM1 catalyzes the conjugation of 4-hydroxynonenal, a muta-
genic and cytotoxic product of lipid peroxidation that causes ex-
tensive cell damage as well as linoleic acid hydroperoxide,
another product of lipid peroxidation (Kerb et al, 1997). GSTM1
also catalyzes the conjugation of DNA hydroperoxide, a product
of DNA oxidation (Kerb et al, 1997). In addition, GSTM1 is cap-
able of catalyzing conjugation to 5-hydroxymethyluracil, a muta-
genic compound that is formed by either oxidative attack on the
methyl group of the thymine base of DNA or from deamination
of products formed by oxidation of 5-methylcytosine (Boorstein
et al, 1989; Lear et al, 2000).
To investigate whether GSTM1was acting upon substrates pro-
duced by UV-induced oxidative stress rather than other known
substrates not produced by oxidative stress, logistic regression
analysis was performed to determine if GSTM1 was interacting
with smoking to increase the risk of SK development. This was
done to investigate whether GSTM1 was acting upon the toxic
substrates produced by cigarette smoke. The analysis showed that
smoking did not interact with GSTM1 to increase the risk for SK
development indicating that the e¡ects of GSTM1 on SK devel-
opment were likely to be due to other factors, possibly the pro-
ducts of UV-induced oxidative stress. Logistic regression analyses
were also performed for b-carotene supplementation and for dai-
ly sunscreen use, with results showing that these factors were not
interacting with GSTM1 to produce an increase in risk for SK
development.
Although GSTT1 genotype frequencies between a¡ected and
control population were not considered to be signi¢cantly di¡er-
ent at an a level of 0.05, the low p-value obtained for this gene
still makes it worthy of consideration. GSTT1 is known to cata-
lyze the detoxi¢cation of oxidized lipid and DNA as well as cy-
totoxic DNA hydroperoxides (Lear et al, 2000). These substrates
are all products of UV-induced oxidative stress and the detoxi¢-
cation of them by the GSTT1 protein indicates that this gene may
potentially be protective in the development of SK.
The GSTM1 and GSTT1 enzymes catalyze the detoxi¢cation
of various UV-induced oxidative stress products, making them
both ideal candidates for the protection of UV-induced damage.
GSTM1has been shown to be associated with the development of
SK, the earliest recognizable form of squamous cell carcinoma,
with GSTT1 also possibly playing a part in development. A con-
¢rmatory study on both of these genes, particularly in a di¡erent
cohort would be useful in verifying the results obtained in this
study. It is widely accepted that only a small percentage of SK
undergo malignant transformation into SCC and this may also
be partially dependent upon associated GST genotypes. Thus,
further study of these multifunctional genes, and their role in
skin cancer development is warranted.
We sincerely thank Professor Phillip Board for initiating our interest in the GSTgenes
and those people involved in the Nambour Skin Cancer PreventionTrial for providing
samples used in this study.
ASSOCIATION OF GSTM1WITH SOLAR KERATOSIS 1377VOL. 119, NO. 6 DECEMBER 2002
REFERENCES
Bell DA,Taylor JA, Paulson DF, Robertson CN, Mohler JL, Lucier GW: Genetic risk
and carcinogen exposure: a common inherited defect of the carcinogen-meta-
bolism gene glutathione S-transferase M1 (GSTM1) that increases susceptibil-
ity to bladder cancer. J Natl Cancer Inst 85:1159^1164, 1993
Blackburn A, Tzeng H, Anders MW, Board PG: Discovery of a functional
polymorphism in human glutathione transferase zeta by expressed sequence
tag database analysis. Pharmacogenetics 10:49^57, 2000
Board PG, Baker RT, Chelvanayagam G, Jermin LS: Zeta, a novel class of
glutathione transferases in a range of species from plants to humans. Biochem
J 328:929^935, 1997
Boorstein RJ, Chiu LN,Teebor GW: Phylogenetic evidence of a role for 5-hydroxy-
methyluracil-DNA glycosylase in the maintenance of 5-methylcytosine in
DNA. Nucleic Acids Res 17:7653^7661, 1989
Curran JE,Weinstein SR, Gri⁄ths LR: Polymorphisms of glutathione S-transferase
genes (GSTM1, GSTP1 and GSTT1) and breast cancer susceptibility. Cancer Lett
153:113^120, 2000
Evans C, Cockerall CJ: Actinic keratosis: time to call a spade a spade. Southern Med
J 93:734^736, 2000
Frost CA, Green AC: Epidemiology of solar keratoses. Br J Dermatol 131:455^464, 1994
Frost C, Green A,Williams G: The prevalence and determinants of solar keratoses at
a subtropical latitude. Br J Dermatol 139:1033^1039, 1998
Green A, Beardmore G, Hart V, Leslie D, Marks R, Staines D: Skin cancer in a
Queensland population. J Am Acad Dermatol 19:1045^1052, 1988
Green A, Battistutta D, Hart V, Leslie D, Weedon D: Skin cancer in a subtropical
Australian population incidence and lack of association with occupation. The
Nambour Study Group. AmJ Epidemiol 144:1034^1040, 1996
Green A,Williams G, Neale R, et al: Daily sunscreen application and betacarotene
supplementation in prevention of basal-cell and squamous-cell carcinomas of
the skin: a randomised controlled trial. Lancet 354:723^729, 1999
Gri⁄ths HR, Mistry P, Herbert KE, Lunec J: Molecular and cellular e¡ects of
ultraviolet light-induced genotoxicity. Crit Rev Clin Lab Sci 35:189^237,
1998
Grossman D, Le¡ell D: The molecular basis of nonmelanoma skin cancer. Arch Der-
matol 133:1263^1270, 1997
Harris MJ, Coggan M, Langton L,Wilson SR, Board PG: Polymorphisms of the Pi
class glutathione S-transferase in normal populations and cancer patients. Phar-
macogenetics 8:27^31, 1998
Hayes JD, Pulford DJ: The glutathione S-transferase supergene family regulation of
GST and the contribution of the isoenzymes to cancer chemoprotection and
drug resistance. Crit Rev Biochem Mol Biol 30:445^600, 1995
Kerb R, Brockmoller J, ReumT, Roots I: De¢ciency of glutathione S-transferasesT1
and M1 as heritable factors of increased cutaneous UV sensitivity. J Invest Der-
matol 108:229^232, 1997
Lavker R, Kaidbey K: The spectral dependence for UVA-induced cumulative da-
mage in human skin. J Invest Dermatol 108:17^21, 1997
Lea R, Selvey S, Ashton K, Curran J, Ga¡ney P, Green A, Gri⁄ths L:The null allele
of GSTM1 does not a¡ect susceptibility to solar keratoses in the Australian
white population. J Am Acad Dermatol 38:631^633, 1998
Lear JT, Heagerty AH, Smith A, et al: Multiple cutaneous basal cell carcinomas glu-
tathione S-transferase (GSTM1, GSTT1) and cytochrome P450 (CYP2D6,
CYP1A1) polymorphisms in£uence tumour numbers and accrual. Carcinogen-
esis 17:1891^1896, 1996
Lear JT, Smith AG, Heagerty AH, et al: Truncal site and detoxifying enzyme poly-
morphisms signi¢cantly reduce time to presentation of further primary cuta-
neous basal cell carcinoma. Carcinogenesis 18:1499^1503, 1997
Lear JT, Smith AG, Strange RC, Fryer AA: Detoxifying enzyme genotypes and sus-
ceptibility to cutaneous malignancy. Br J Dermatol 142:8^15, 2000
Lober BA, Lober CL: Actinic keratosis is squamous cell carcinoma. Southern Med J
93:650^655, 2000
Marks R, Foley P, Goodman G, Hage BH, Selwood TS: Spontaneous remission of
solar keratoses: the case for conservative management. Br J Dermatol 115:649^
655, 1986
Marks R, Rennie G, Selwood TS: Malignant transformation of solar keratoses to
squamous cell carcinoma in the skin: a prospective study. Lancet i:795^797, 1988
Miller SA, Dykes DD, Polesky HF: A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Res 16:1215, 1988
Pemble S, Schroeder KR, Spencer SR, et al: Human glutathione S-transferase theta
(GSTT1): cDNA cloning and the characterization of a genetic polymorphism.
Biochem J 300:271^276, 1994
Ren ZP, Hedrum A, Ponten F, et al: Human epidermal cancer and accompanying
precursors have identical p53 mutations di¡erent from p53 mutations in
adjacent areas of clonally expanded non-neoplastic keratinocytes. Oncogene
12:765^773, 1996
Salasche SJ: Epidemiology of actinic keratoses and squamous cell carcinoma. J Am
Acad Dermatol Suppl 42:S4^S7, 2000
Seidegard J, Pero RW, Markowitz MM, Roush G, Miller DG, Beattie EJ:
Isoenzyme(s) of glutathione transferase (class Mu) as a marker for the suscept-
ibility to lung cancer: a follow up study. Carcinogenesis 11:33^36, 1990
Seo K, Cho K, Park K, Youn J, Eun H, Kim K, Park S: Changes of glutathione
S-transferases in the skin by ultraviolet B irradiation. J Dermatol Sci 13:
153^160, 1996
Sham PC, Curtis D: Monte Carlo tests for associations between disease and alleles at
highly polymorphic loci. Ann Hum Genet 59:97^105, 1995
Stern RS,Weinstein MC, Baker SG: Risk reduction for nonmelanoma skin cancer
with childhood sunscreen use. Arch Dermatol 11:304^309, 1986
Strange RC, Lear JT, Fryer AA: Polymorphism in glutathione S-transferase loci as a
risk factor for common cancers. ArchToxicol Suppl 20:419^428, 1998a
Strange RC, Lear JT, Fryer AA: Glutathione S-transferase polymorphisms in£uence
on susceptibility to cancer. Chem Biol Interact 111^112:351^364, 1998b
Terwilliger JD, Ott J: Handbook of Human Linkage Analysis. Baltimore: Johns Hopkins
University Press, 1994
Thompson SC, Jolley D, Marks R: Reduction of solar keratoses by regular sunscreen
use. N Engl J Med 329:1147^1151, 1993
Watson MA, Stewart RK, Smith GBJ, Masey TE, Bell DA: Human glutathione
S-transferase P1 polymorphisms: relationship to lung tissue enzyme activity
and population frequency distribution. Carcinogenesis 19:275^280, 1998
Yeatman J, Marks R: Non-melanoma skin cancer. Med J Aust 164:492^496, 1996
Ziegler A, Jonason AS, Le¡ell DJ, et al: Sunburn and p53 in the onset of skin cancer.
Nature 372:773^776, 1994
Zimniak P, Nanduri B, Pikula S, et al: Naturally occurring human glutathione
S-transferase GSTP1-1 isoforms with isoleucine and valine in position 104
di¡er in enzymic properties. Eur J Biochem 224:893^899, 1994
1378 CARLESS ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
